We describe here the use of label-free wide selected-ion monitoring data-independent acquisition (WiSIM-DIA) to identify proteins that are involved in the formation of tomato (Solanum lycopersicum) fruit cuticles and that are regulated by the transcription factor CUTIN DEFICIENT2 (CD2). A spectral library consisting of 11 753 unique peptides, corresponding to 2338 tomato protein groups, was used and the DIA analysis was performed at the MS1 level utilizing narrow mass windows for extraction with Skyline 2.6 software. We identified a total of 1140 proteins, 67 of which had expression levels that differed significantly between the cd2 tomato mutant and the wild-type cultivar M82. Differentially expressed proteins including a key protein involved in cutin biosynthesis, were selected for validation by target SRM/MRM and by Western blot analysis. In addition to confirming a role for CD2 in regulating cuticle formation, the results also revealed that CD2 influences pathways associated with cell wall biology, anthocyanin biosynthesis, plant development, and responses to stress, which complements findings of earlier RNA-Seq experiments. Our results provide new insights into molecular processes and aspects of fruit biology associated with CD2 function, and demonstrate that the WiSIM-DIA is an effective quantitative approach for global protein identifications.
Introduction
A structurally complex lipid layer, termed the cuticle, covers the aerial organs of land plants, providing critical protection against pathogens, pests and radiation, and limiting water loss [1] . The cuticle is comprised of a fatty acid polyester matrix, called cutin, which is coated and embedded with an assortment of wax compounds. Despite the fact that a number of the enzymes involved in its biosynthesis have been identified, many aspects of cuticle formation and regulation are poorly understood. To address these remaining gaps of knowledge, we have taken advantage of a collection of tomato (Solanum lycopersicum) mutants and identified three genes involved in cutin synthesis [2] . One of these mutated genes, CUTIN DEFICIENT2 (CD2; gene accession number, Solyc01g091630) encodes a putative transcription factor belonging to the homeodomain-leucine zipper gene subfamily IV [2] . Mutations in the CD2 gene result in a substantial reduction (up to ~90%) in polymeric cutin in the fruit cuticle, an altered cuticular wax profile, and a reduction in anthocyanin levels and the numbers of glandular trichomes [2, 3] . To identify the genes that are regulated by CD2 and to correlate gene expression with the mutant phenotype we conducted an RNA-Seq analysis, comparing the fruit epidermal transcriptome of the cd2 mutant to that of its wildtype (WT) M82 genotype (manuscript in preparation). This global transcriptional analysis provides new insight into the role of CD2 as a regulator of cuticle formation and provides evidence that CD2 is also involved in regulating lipid metabolism, polysaccharide cell wall development, anthocyanin biosynthesis, and stress responses. However, it is well recognized that transcript levels do not always correlate with corresponding protein abundance, and transcriptomics provides no information about posttranslational modifications, which are often directly associated with cellular metabolism [4] [5] [6] . Consequently, we wanted to complement the transcriptomic study with a proteomic approach to identify proteins with altered expression in cd2 compared with M82.
Proteome analysis technologies have advanced rapidly in recent years and can provide a highly effective means to identify proteins and pathways that are central to specific responses of cellular perturbation [7, 8] . Currently, most quantitative MS strategies for discovery proteomics involve one of two basic approaches. The first is label-free analysis, which typically involves evaluating either extracted precursor ion signal intensities of peptides, or spectral counts, where the numbers of spectra identified for a given protein in different biological samples are compared. The second common approach for protein quantitation involves the use of stable isotope labeling prior to LC-MS/MS acquisition (e.g. TMT, iTRAQ or SILAC) [9] [10] [11] . Targeted proteomics allows the use of information obtained through an initial characterization to develop specific SRM/MRM transitions for verification and quantitation of selected peptides [12, 13] . MRM is a well-established method from the field of small-molecule quantitation that has been adapted to proteomic studies [14] [15] [16] [17] . To perform MRM assays, the specific transitions from the precursor to fragment ions for individual peptides are targeted, monitored, and recorded as a function of LC elution time, providing a selective, sensitive, and reliable approach for quantitative analysis through integration of chromatographic peaks. Thus, MRM-based targeted proteomics is well suited for reproducibly and accurately quantifying sets of known proteins in complex samples.
Label-free data-independent acquisition (DIA) is becoming an increasingly utilized strategy for quantitative proteomics. Traditional data-dependent acquisition (DDA), which involves selecting precursor ions for MS/MS fragmentation based on their abundances, is limited in its ability to sample every component within highly complex samples or those with a large dynamic range of protein concentrations as is typical in biological extracts [18, 19] . When using DIA, the MS/MS spectra are acquired across the entire m/z range through the sequential isolation and fragmentation of specific precursor windows. This allows the systematic detection of each peptide in a complex sample, including those that have low abundance. This results in an improved dynamic range of detection and facilitates a more consistent and quantitative analysis across large numbers of samples. More importantly, DIA is a comprehensive discovery-based acquisition method, which enables subsequent data extraction for targeted protein/peptide quantification with MRM-like data quality [18] [19] [20] . SWATH (Sequential Window Acquisition of all Theoretical spectra)-MS is one of the commonly used DIA analysis strategies, and combines the advantages of both shotgun and targeted proteomics [18] . This approach enables the quantification of thousands of proteins in a single run and the data are acquired on a fast, high-resolution Q-TOF instrument by repeatedly cycling through sequential isolation windows over the whole chromatographic elution range [19, 20] . Another DIA method developed recently for quantifying large numbers of proteins in biological samples involves the wide selected-ion monitoring (WiSIM)-DIA workflow using an Orbitrap Fusion mass spectrometer [21] . This workflow allows parallel SIM scanning at ultra-high resolution using 240 000 resolving power, with rapid and sensitive ion trap MS/MS detection of narrower precursor populations to identify differentially expressed proteins among complex samples. However, as far as we are aware, no studies using the WiSIM-DIA approach for global proteomic analysis have been reported since its introduction in 2014.
We describe here the identification and quantification of tomato fruit proteins that are regulated by CD2 using the WiSIM-DIA approach, and assess its performance by crossvalidation using traditional MRM analysis. We report the differentially expressed proteins, identified in a comparison of cd2 and WT 15 days post anthesis (dpa) tomato fruit pericarp, whose accumulation is likely regulated by CD2. Moreover, we demonstrate that the WiSIM-DIA workflow is an effective quantitative approach for global protein identification in complex samples. The expression patterns of several candidate proteins were also empirically confirmed by MRM-based mass Westerns [22] and one of them was further validated by classical Western blot analysis. This study involving global-scale, label-free protein quantitation revealed that CD2 acts as a regulator of tomato cuticle formation, as well as other key aspects of fruit biology.
Materials and methods

Experimental design
An overview of the experimental strategy and workflow conducted in this study is shown in Fig. 1 . The experiment included a total of three independent biological replicates for each of the cd2 and M82 tomato samples representing two different genotypes. A pooling strategy was used to reduce variance between the biological replicates. A total of 24 plants per genotype were grown in individual pots. The biological replicates of each genotype were constituted using a uniform amount of pericarp material from eight different tomato fruits. Proteins were extracted from each of the individual pools. Following the large-scale identification and functional categorization of differentially expressed proteins, MRM and Western blot validation analyses were conducted for the selected differentially expressed proteins.
Chemicals and reagents
Optima grade ACN, Optima grade water, TFA, and formic acid (FA) were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Modified trypsin was purchased from Promega (Madison, WI, USA). Precast SDS-gels and colloidal Coomassie blue staining kits were purchased from Invitrogen (Carlsbad, CA, USA). Other reagents including triethylammoniumbicarbonate, methyl methanethiosulfonate, DTT, Tris-(2-carboxyethyl)phosphine, and BSA, unless otherwise noted, were obtained from SigmaAldrich (St. Louis, MO, USA).
Tomato fruit protein extraction and in-solution digestion
Pericarp material from 15 dpa old tomato fruits, of the cd2 mutant and the WT cultivar (M82), was harvested from plants grown in a greenhouse at Ithaca, NY, USA, in 2012, under 16 h of light and 8 h of dark, using standard practices. The pericarp material (5 g) was ground in liquid nitrogen and the constituent proteins were extracted following a Trichloroacetic acid (TCA)-acetone method as described previously [23] . Pellets were resuspended and denatured in a solution containing 6.0 M urea, 2.0 M thiourea, 2% CHAPS w/v, 0.2% Triton X-100, 0.1% SDS, 20 mM DTT, and 100 mM phosphate buffer pH 7.8. Protein quantification for each sample was initially determined using the Bradford method with BSA as a standard, and confirmed using a precast NOVEX 10% Tris/Bis minigels (Invitrogen), with a series of Escherichia coli lysates (2.5, 5, 10, 20 μg proteins/lane) as a standard. The SDS gels were visualized with colloidal Coomassie blue stain (Invitrogen), imaged by a Typhoon 9400 scanner followed by ImageQuant TL 8.1 (GE Healthcare) analysis for quantitation. Each sample containing 100 μg proteins was reduced by incubating with 10 mM Tris-(2-carboxyethyl)phosphine at 56°C for 45 min, then alkylated with 10 mM methyl methanethiosulfonate for 1 h at room temperature. The alkylated proteins were precipitated by adding six volumes of ice-cold acetone and incubating at −20°C overnight, and reconstituted in 90 μL of 100 mM triethylammoniumbicarbonate, pH 8.5. The samples were digested by adding trypsin (Promega) at a 1:10 ratio w/w and incubated at 37°C for 16 h. Digestions were stopped by the addition of 5% v/v FA. The digest samples were then desalted by SPE using a C18 Sep-Pak Cartridge (Waters Corporation, Milford, MA, USA) and the eluted peptides were evaporated to dryness in a Speedvac SC110 (Thermo Savant, Milford, MA, USA). The samples were reconstituted in 500 μL of 0.1% FA with 2% ACN to a final concentration 0.2 μg/μL.
NanoLC-MS/MS analysis
NanoLC-MS/MS analysis was carried out using an Orbitrap Fusion3 Tribrid3 mass spectrometer equipped with an EASYspray ion source, and coupled to the Easy nLC-1000 system (Thermo Fisher Scientific, San Jose, CA, USA). Samples (2 μL) were injected onto an Acclaim PepMap C-18 RP trap column (5 μm, 100 μm id × 20 mm, Thermo Fisher Scientific) with nanoViper Fittings at 20 μL/min and then separated on an EASYspray Acclaim PepMap C-18 RP nanocolumn (2 μm, 75 μm id × 50 cm, Thermo Fisher Scientific) at 300 nL/min at 50°C, and eluted in a 90 min gradient of 5-35% ACN in 0.1% FA, followed by a 5 min ramping to 90% ACN-0.1% FA and a 5 min hold at 90% ACN-0.1% FA. The column was reequilibrated with 0.1% FA for 25 min prior to the next run. The Orbitrap Fusion was operated in positive ion mode with the spray voltage set at 1.6 kV and source temperature at 275°C. For generation of the reference spectral library, the instrument was operated in "top speed" data-dependent mode. Briefly, a full scan was acquired in the Orbitrap mass analyzer at a resolving power of 120 000 (full width at half maximum: FWHM at m/z 200) over m/z 400-1800, followed by 3s of CID MS/MS acquired in the ion trap mass analyzer using the "rapid" scan rate at 35% normalized collision energy. Quadrupole isolation of 2 m/z and a precursor intensity threshold of 5,000 were utilized.
Dynamic exclusion parameters were set at repeat count 1, an exclusion list size of 500, 60 s of exclusion duration with ±10 ppm exclusion mass width. The activation time was 10 ms for CID analysis. All data were acquired with Xcalibur 3.0 operation software (Thermo Fisher Scientific). For the WiSIM-DIA mode, 3x SIM scans covering m/z 400-600, m/z 600-800, and m/z 800-1000 at 240 000 resolving power were acquired in parallel with seventeen 12-amu wide sequential CID ion trap MS/MS scans. Quadrupole isolation was used for all isolation events. NanoLC-MRM analysis was performed using an Ulti-Mate3000 nanoLC (Thermo Fisher Scientific, Sunnyvale, CA, USA) coupled with the 4000 QTRAP mass spectrometer (SCIEX, Framingham, MA, USA) [17] . The tryptic peptides (10 μL at 20 ng/μL) derived from both cd2 and M82 triplicate samples were injected onto an Acclaim PepMap C18 trapping column as described above in this section and then separated on an Acclaim PepMap C18 RP nano column (2 μm, 75 μm id ×15 cm) and eluted in a 90 min gradient of 5-35% ACN-0.1% FA at 300 nL/min. MRM data acquisition was performed using Analyst 1.6 software (SCIEX) after further optimization using MRM-triggered MS/MS analysis [16] .
MS data analysis and DIA data extraction
Four DDA raw files (for both the cd2-1 and M82-1 samples) were combined and subjected to database searches using Proteome Discoverer 2.0 software (Thermo Fisher Scientific, Bremen, Germany) with the SEQUEST HT algorithm. The tomato protein database "iTAG2.4" with 34 633 entries was downloaded on October 18, 2014 from the following web-site ftp://ftp.solgenomics.net/tomato_genome/annotation/ITAG2.4_release/. The database search was performed with two missed trypsin cleavage sites allowed, the peptide precursor tolerance was set to 15 ppm and fragment ion tolerance was set to 0.8 Da. A fixed methylthio modification of cysteine, and variable modifications on methionine oxidation, Nterminal acetylation and deamidation of asparagines/glutamine were set. Only high confidence peptides defined by SEQUEST HT with a 1% FDR by Percolator were considered for the peptide identification. The identified peptide sequences, spectra, including fragment ion relative intensity, and retention times were used to create a reference spectral library within Skyline. A cutoff score of 0.99 was utilized for library generation within Skyline so that only peptide spectrum matches (PSMs) with Percolator q-values of ≤0.01 were incorporated into the library. Library peptides were mapped to their respective proteins within the iTAG2.4 protein database considering only tryptic peptides with up to two missed cleavages. A fragment ion library match tolerance of 0.8 m/z was used. The final spectral library contained protein groups that were filtered with at least two unique peptides, and were used for the subsequent DIA analysis using Skyline 2.6. Quantitation was performed at the MS1 level utilizing narrow ppm mass windows for extraction [24] . The spectral alignment and targeted data extraction of DIA files were conducted using Skyline 2.6 following the instructions with the reference spectral library [24] . The following parameters were used for the processing of all DIA files: 5 min retention time peak picking window, three precursor isotopes were extracted from SIM scans with a 240 000 resolving power (FWHM) at 200 m/z, and the top ten fragment ions were extracted from DIA scan events with a 0.6 Da window. The mProphet peak scoring model was trained on a reverse decoy peptide sequence database consisting of 10 000 peptides [25] . Quantitation was performed at the protein level by considering the following data: (i) the peak AUC for individual parent ions, (ii) the summed intensity of individual parent ions for a given peptide, and (iii) the summed intensity of peptides for a given protein. After filtering the data with a 5% FDR using the decoy mProphet model, 6888 peptides (5779 unique) remained, corresponding to 1794 individual proteins with at least two peptides per protein (Supporting Information Table 1 ). CV analysis of the triplicated datasets was performed, and results were filtered to CVs ≤ 30% across triplicates at the peptide level. After this filtering step, a total of 2530 peptides (2375 unique), corresponding to 1140 proteins, was used for quantitative analysis, where the relative abundance of each protein was estimated by summing the peak areas of all associated peptides for each biological sample (Supporting Information Table 1 ).
MRM and Western blot analyses for selected differentially expressed proteins
Skyline 3.1 was used to generate an initial MRM transition pair list for ten selected differentially expressed proteins [26] . Specifically, the PD 2.0 search result files for cd2 and M82 DDA files as well as a database containing the ten proteins were imported into Skyline 3.1. Filters for transition settings were set up as follow: 2 and 3 for precursor charges, 1 or 2 for product ion charge with γ-ion only, and 3 product ions with an m/z greater than the precursor. In addition, selection of target peptides for MRM analysis was based on the following criteria: (i) ranging from 8-21 aa long, and high confidence identification based on cross-correlation scores >1.7 for doubly charged and >2.7 for triply charged peptides; (ii) selected peptides contained no miss cleavages, no cysteine residues, and pyro-glutamic acid was used for amino-terminal glutamine residue; (iii) no methionine oxidation was detected in DDA analysis for the peptides containing methionine residues, and the deamidated asparagine or glutamine residues were avoided in the selected peptides if possible. The transition ion list including at least three peptides per protein and three transition pairs per peptide were exported directly from Skyline 3.1 for use by the 4000 QTRAP along with the predicted values of declustering potential, and collision energy [26] . To assure accurate retention times (required for peptide specificity) all initially selected target peptides (36 peptides from both cd2 and M82; Supporting Information Table 2 ) were subjected to MRMtriggered information-dependent acquisition MS/MS (MRM-IDA) prior to MRM quantitation analysis. Additionally, the MRM-IDA runs were used to optimize the selection of the Q3 product ions in transition ion pairs for enhanced sensitivity using the 4000 QTrap for quantitation. Thus, the final transition ion pair list was further refined based on the MRM-triggered IDA results (Supporting Information Table 2A ). The MRM data for the cd2 and M82 triplicate samples were analyzed using MultiQuant 2.2 software (SCIEX, Framingham, MA, USA) as described previously [17] . The mean and SD of the percentage abundance of each peptide was determined from the triplicate runs of each sample.
For the Western blot analysis, samples containing 25 μg of protein extracted from 15 dpa cd2 and M82 pericarps were fractionated by electrophoresis on a Bio-Rad precast gel (Cat.
no. 456-1044), and electroblotted onto PVDF membrane. The CUS1 antibody (1:5000 dilution) and the anti-rabbit antibody coupled with HRP were used as described in Yeats et al. [27] .
Statistical and bioinformatics analyses
The protein quantitative data were organized using Microsoft Excel 2010. The analysis of CV for replicates and t-tests between the cd2 and M82 groups were performed using Microsoft Excel 2010. GO and KEGG pathway analyses were performed using Blast2GO3 software [28, 29] . Functional interaction networks for the 67 differentially expressed proteins identified in this study were predicted using STRING 9.1 web-based software (http://string-db.org/), which consists of either known or predicted interactions. Only interaction networks with high confidence (score >0.9) were included in this study. The volcano plot was prepared using R software (https://www.R-project.org/) and the heat map was created using the Multi Experiment Viewer (http://www.tm4.org/).
Results
Identification of differentially expressed proteins between the cd2 mutant and M82 by WiSIM-DIA
In order to mine the extensive amount of fragment ion information generated by the WiSIM-DIA method, high quality spectral libraries are required for confident peptide identifications and quantitation [18] . The initial spectral library was generated from four combined DDA runs (two cd2 and two M82) and contained 15 990 peptide groups corresponding to 3625 tomato protein groups. The final spectral library contained 2238 protein groups with 11 753 unique peptides after filtering for proteins with at least two unique peptides (Supporting Information Table 3 ). This library was used in the subsequent DIA analysis using Skyline 2.6, and peak detection was based on the trained decoy mProphet model [25] where a 5% FDR was used for filtering resulting identifications. Given the smaller spectral library with only 2238 proteins used for DIA analysis, we believe a 5% FDR is sufficiently strict for predicting peptide IDs with high confidence. Additionally, the small decoy database (11 753 peptides) for mProphet model can increase the likelihood of incorrectly assigning a "true" hit as "false." Therefore, relaxing the FDR cutoff would minimize these potential false negative peptide IDs and increase the power of the experiment. As a result, peak area information was extracted for 1794 proteins (77% of the library) and 6888 peptide groups (59% of the library, Supporting Information Table 1 ) across all six WiSIM-DIA runs. After filtering the identified peptides to a CV ≤ 30% across triplicates for each sample, 36.7% of the peptides (2530) and 63.5% of the proteins (1140) remained (Supporting Information  Table 1 ). This group of reproducible peptides was exclusively used for subsequent quantitative analysis and assessment of biological variation. Among the three biological replicates, the percentages of proteins whose quantitation showed CV ≤ 25% in these quantitative data were 89.3% (1018 out of 1140) for M82 and 82.1% for cd2 samples. To further assess the quantitative precision and reproducibility among the three biological replicates within each group, we applied an analysis of variance using a scatter plot of log peak areas for each protein between pairs of biological replicates. As shown in Supporting Information Fig. 1 , the minimal R 2 value for the tested pairs was 0.961 in the M82 group and 0.978 in the cd2 group, showing that the global quantitative data from WiSIM-DIA were reproducible.
To identify differentially expressed proteins, fold changes between samples and p-values (determined through a heteroscedastic t-test) were calculated in order to rank and filter the quantitative data. A fold change threshold of >1.5 was selected based on the SD (Log 2 = 0.6) from the normal distribution fit at 90% confidence using the Easy-Fit program (MathWave Technologies, http://www.mathwave.com) for the cd2/M82 ratios of the 1140 quantified proteins (Supporting Information Fig. 2) . As a result, differentially expressed proteins were defined as those that showed a fold change >1.5 in relative abundance and a p-value <0.1. A summary of the protein identification results is presented in Table 1 , showing the list of the 67 differentially expressed proteins, comprising 53 and 14 proteins that were less (indicated in blue), or more (indicated in red), abundant in cd2 than in M82, respectively (Table 1 and Supporting Information Table 1 ). The same color coding was used to visualize the differentially expressed proteins in cd2 relative to its WT, on the volcano plot that includes a total of 577 proteins from at least two quantified, unique peptides ( Fig. 2A , Supporting Information Table 1 ). The intensity changes of the differentially expressed proteins can be seen in the heat map of Fig. 2B , which shows homogeneity between the biological replicates. The differentially expressed proteins were independently categorized using Blast2GO (Supporting Information Table 4 ) [28, 29] . This categorization included "cellular sublocalization" (cellular component), "biological processes," and "molecular function" (Supporting Information Table 4 , Supporting Information Figs. 3, 4 , and 5). Taking GO "cellular component" as an example to show the diversity of sub-cellular localization for the differentially expressed proteins, a distinct subset was predicted to be localized in the cell membrane and in the extracellular matrix (Supporting Information Fig. 5 ) despite the fact that the majority of the proteins of interest fell into the "cell" category. This is consistent with the extracellular location of the cuticle and the phenotype of the cd2 mutant (Fig. 1) .
Indeed, two cuticle-related genes and many genes involved in cell wall formation were among the set of differentially expressed proteins (Table 1) . Additional pathways were enriched in the set of proteins of interest, such as "stress response," "anthocyanin biosynthesis," and "cell development" (Table 1 , Supporting Information Fig. 3 , Supporting Information Table 4 ). The molecular function GO annotation revealed that the majority of identified proteins, for both sets of more and less abundant proteins, are predicted to be binding, suggesting that most of the proteins interact with each other or with other proteins or protein complexes (Supporting Information Fig. 4, Supporting Information Table 4) . Indeed, further analysis of putative protein interaction networks using STRING database [30] (http://string-db.org/), revealed numerous potential protein-protein interactions among the set of differentially expressed proteins (Supporting Information Fig. 6 ). The largest network, highlighted by an orange background in Supporting Information Fig. 6 , includes eight proteins that are known to be associated with stress responses. Other proteins in this network potentially affect multiple distinct biological pathways since they are part of the translational process (Solyc01g104590.2.1, Solyc01g057830.2.1, and Solyc02g089070.2.1). Interestingly, a high proportion (64%) of the proteins that are more abundantly expressed in cd2, are part of this interaction network, while only 19% of the proteins that are expressed at lower levels in cd2 are part of this network. In addition, an interaction between FLS1 and F3H (Solyc11g013110.1.1 and Solyc02g083860.2.1, respectively) found with the STRING analysis, supports the hypothesis that CD2 promotes anthocyanin biosynthesis. This analysis also revealed a likely interaction between three cell wall-associated proteins (Solyc04g071650.2.1, Solyc10g005960.1.1, and Solyc07g045440.1.1), which were consistently expressed at lower levels in the cd2 samples.
Verification of the CD2 regulated proteins using MRM and Western blot analysis
MRM using a triple quadrupole mass spectrometer is considered to be one of the most accurate, sensitive, and reproducible methods for quantitation of targeted proteins [31] . Thus, MRM is typically used to verify and validate differentially expressed proteins during or after the discovery stage of a proteomic analysis [31] . To verify the identification of CD2 regulated proteins based on WiSIM-DIA data, we therefore used both MRM and classical Western blot analyses to assess the expression of proteins whose abundance changed in response to the CD2 mutation, as determined by WiSIM-DIA. Table 2A ) spanning a wide range of p-values (from p-value =0.007 to 0.0659), which are annotated as being involved in cutin biosynthesis, cell wall biology, anthocyanin biosynthesis, and translation initiation, were selected for MRM verification analysis. This selection encompassed proteins that were found to be less abundant in cd2 than in M82, as well as one that was more abundant. Furthermore, proteins with a specific biological function in pathways that have previously been linked to CD2 and homologs were favored to better understand how CD2 regulates these pathways. After summing the peak area of nine detected transition pairs for each protein (three peptides with three transition ion pairs for each peptide), the ratio of cd2 to M82, for each of the ten proteins, were determined and statistically analyzed across the triplicates. We applied a t-test to analyze and compare the MRM data of the M82 and cd2 groups (Supporting Information Table 2B ). Direct comparisons of relative quantitation between cd2 and M82 triplicate samples for the ten selected proteins are shown in Fig. 3 .
Ten differentially expressed proteins of interest (Supporting Information
The results of the WiSIM-DIA and MRM analyses were highly consistent for all of the ten proteins with a coefficient of determination R 2 =0.98 (Fig. 3B) , nine of which were less abundant in the mutant than in the WT, including the CUS1 protein (Solyc11g006250.1.1), which had a ~four to five fold lower abundance in cd2 than in M82 (Fig. 3A) . To further validate the results, and given the availability of a CUS1 antibody, CUS1 protein levels in cd2 and M82 were tested using Western blot analysis (inset in Fig. 3A) , which indicated that CUS1 protein levels were approximately six fold greater in M82 pericarp from 15 dpa fruit than in cd2.
Discussion
As the sensitivity of mass spectrometers continue to improve, it is becoming increasingly difficult to cleanly isolate and fragment a unique peptide ion from complex proteomic samples without co-isolation interferences using traditional DDA methods. Consequently, the DIA approach, particularly with SWATH acquisition has been developed to complement the traditional DDA method, providing enhanced dynamic range and improved detection of low-abundance proteins, in a single analysis using fast, high-resolution Q-TOF instruments [18] . In this study, we used an alternative WiSIM-DIA method to investigate the potential regulatory role of the tomato transcription factor CD2 [2, 27] . This method has been recently developed based on the new Tribrid Orbitrap Fusion mass spectrometer platform, which utilizes parent ion detection with ultra-high resolution scanning in the Orbitrap mass analyzer and is fully parallelized with fast and sensitive MS/MS verification in the ion trap [21] . Utilizing SIM scanning with three sequential, 200 m/z isolation window enables one to enrich all ions within a relatively "narrow parent mass window," providing an appropriate balance between sensitivity and cycle time. In this implementation, a cycle time of ~3.2 s can be achieved, which is amenable to the chromatography conditions used. The use of additional, smaller SIM windows across the full 400-1000 m/z mass range would result in increased sensitivity but would be detrimental to the cycle time and result in poorer replicate CVs. The subsequent 17 sequential 12 m/z isolation windows used for data-independent MS/MS acquisitions cover the complete mass range in every cycle. These DIA-MS/MS spectra were then used for peptide identification through spectral library matching prior to peptide and protein quantification. The combination of ultra-high resolution Orbitrap parent ion scanning and highly sensitive ion trap DIA scanning allows high confidence peptide assignments and simplifies data analysis. WiSIM-DIA using an Orbitrap Fusion, with resolving power at 240 000, allows higher mass accuracy acquisition and better distinguishes precursor ion signals from background interferences; therefore, yields decreased LODs and high selectivity. As low as 10 amol peptides on-column LOD and LOQ with four orders of linear dynamic range were reported for synthetic peptides spiked into E. coli lysate digest by this DIA work-flow [21] . This is similar to what can be achieved using SWATH analysis [18] and is somewhat superior to most SILAC/iTRAQ/TMT-labeled approaches [9] [10] [11] . This study also demonstrated that WiSIM-DIA can enable large-scale quantification of more than 1000 proteins in a single run across complex samples with a high degree of analytical precision and quantitative accuracy. Compared to a label-based approach, the DIA workflows have the advantage of avoiding the costs of labeling reagents, time-consuming labeling procedures, and potential variations introduced by the labeling steps. Such factors can be particularly important for some large-scale studies of PTMs, e.g. quantitative phosphoproteomics, where large amounts of material (at the milligram level) are typically required. In terms of instrument usage time, the DIA approach is broadly comparable to traditional 2D LC-MS/MS analysis for labeled workflows, where first-dimension fractionation of pooled four to ten plexed samples into 10-20 fractions was used prior to subsequent nanoLC-MS/MS analysis of each fraction. In addition, multiple DDA runs are usually required for most DIA projects in order to generate a global spectral library prior to DIA analysis. A general nanoLC optimization analysis or an additional blank run are often needed to assure no carryover, which is critically important for DIA analysis. Thus, we believe that the WiSIM-DIA approach, using the Orbitrap Fusion, is an attractive alternative platform for label-free analysis, and that it can complement the data quality generated through label-based workflows, acquired using the same Orbitrap Fusion instrument. Despite the fact that DIA methods overcome a number of the limitations of traditional DDA workflows, some new hurdles need to be overcome. One of the biggest challenges for global quantitative proteomics analyses using any high-throughput shotgun technology is the potential limitation of data reproducibility, due mainly to biological and technical variance. Additionally for DIA-based single run analysis, the high complexity of biological samples is an inherent issue, in which very high chromatographic resolution and reproducibility across a long gradient with consistent signal responses (precursor ion signal intensity) over consecutive LC/MS runs must be achieved to gain statistical significance for data reliability. Another big challenge for DIA-based quantitative proteomics and its contributions to the data reproducibility is the availability of reliable software tools for robustly analyzing and effectively extracting DIA data with flexible file compatibility, data visualization, and data quality assessment.
In this study, we used the tomato fruit proteome from a mutant of CD2 and its WT as a test case, to assess the effectiveness of the WiSIM-DIA approach for global quantitative proteomic analysis, which has not yet been reported, to the best of our knowledge, in the scientific literature. In this pilot test, we used a long nanobore column (50 cm ×75 μm id) with a relatively short gradient (90 min) for both DDA to generate the spectral library and for DIA data acquisition. We intended to target medium-and high-abundance proteins, based on our biological hypothesis that the transcription factor CD2 has a regulatory role in tomato cuticle formation and development [2, 27] . A total of 2238 tomato protein groups with 11 753 unique peptides were confidently identified in DDA duplicate runs for the two samples and assembled into the final spectral library without sample pre-fractionation, reflecting the high complexity of tomato fruit proteome. After initial data extraction using Skyline, a total of 1794 proteins containing 5779 quantitative unique peptides were reproducibly quantified across three biological replicates in the cd2 and M82 samples. It should be noted that while DIA is a sensitive method, its confident identification relies heavily on spectral library matching and high-resolution parent ion SIM scan that is used for quantitation across samples. Therefore, there are challenges with regards to streamlining data processing of large-scale datasets, which are mainly a result of extremely high sample complexity. In this work, even utilizing the mProphet "peak scoring model" trained on a large set of decoy peptides [25] , manual inspection of data processed through Skyline was needed. For example, initial Skyline peak picking after FDR filtering occasionally showed good precursor dot products, but poor library dot products, and often the reverse was also true. Therefore, manual exclusion of some fragment ions that contained interferences was necessary, which is a time-consuming bottleneck.
To ensure the data reproducibility and reliability of the WiSIM-DIA data, we performed a statistical assessment with stringent data filters. A total of 1140 proteins with 2530 quantitative peptides were used for subsequent statistical assessment of variation among biological replicates (Supporting Information Table 1 ). Nearly 90% of these proteins had their CVs below 25% among the biological triplicates of M82, and over 82% of these proteins had <25% CVs among cd2 triplicates (Supporting Information Table 1 ). The minimum R 2 value for any pair of biological repeats was 0.961 for the M82 samples and 0.978 for the cd2 group (Supporting Information Fig. 1) , from which we conclude that the WiSIM-DIA quantitative data from the biological replicates were reproducible and reliable. Furthermore, we conducted careful cross-method verification to validate the DIA results by MRM, a superior method for target peptide validation [31] and Western blot analysis. Subsequent MRM analysis confirmed the reliability of these quantitative results. The MRM data demonstrated that the ten selected differentially expressed proteins from DIA, including one of the lowest abundance proteins (Solyc11g006250.1.1) and one of the highest abundance proteins (Solyc02g089070.2.1) in cd2, were highly consistent with the fold changes reported by DIA. The largest observed difference between the DIA and MRM methods was 16 and 19% for Solyc11g006250.1.1 and Solyc10g005960.1.1, respectively (Fig. 3) . Interestingly, these were the only proteins containing MRM data from two peptides only, with six transition ion pairs due to the co-isolation interference on the third peptide performed in our MRM analysis (Supporting Information Table 2B ). Taking advantage of the availability of an antibody for CUS1 (Solyc11g006250.1.1) [27] , which is the most downregulated protein, we performed a Western blot validation, which showed that CUS1 was six fold less abundant in the cd2 mutant than in M82, confirming both DIA (4.9-fold) and MRM (4.1-fold) results. The validation results further indicated that the differential expression of the 67 candidate proteins resulted from the CD2 mutation. It should be noted that we identified 45 candidate proteins with p-values <0.05. However, we also identified 22 additional proteins with p-values of 0.05-0.1, most of which had a potential biological association with CD2 regulation. Based on the MRM validation results, where two proteins with p-values of 0.06 and 0.07 were verified as differentially expressed proteins (Supporting  Information Table 2 ), we believe that the results with a p-value cutoff of <0.1 are reliable.
This approach decreases the probability of false negative identifications, which translate to "missed discoveries," although of course there is a corresponding potential increase in the probability of false positive identifications. With high-throughput MRM validation technology becoming increasingly available, we believe that the use of slightly less stringent statistical filtering to minimize the missed discoveries is empirically a better strategy.
The gene annotations and the GO analysis of these 67 proteins (Supporting Information  Table 4 ) suggest a role for CD2 in cutin biosynthesis, cell wall organization or biogenesis, anthocyanin metabolism, cell growth, and response to stress, as summarized in Fig. 4 . The proposed role of CD2 in regulating cutin formation, as suggested by the characterization of its phenotype [2] , is supported by the identification of CUS1 among the proteins that were less abundant in the mutant. CUS1 is a cutin synthase that catalyzes the polymerization of the tomato fruit cutin [27] and its low expression in the cd2 mutant correlates with the cutin-deficient phenotype of cd2, which is similar to that of the cus1 mutant [2] . A role for CD2 in the regulation of developmental processes is further suggested by the identification of a sterol-3-beta-glucosyltransferase among the proteins affected by the CD2 mutation. Sterol-3-beta-glucosyltransferases are membrane-bound proteins that catalyze the glycosylation of plant sterols [32] , which are central to the control of cell division, elongation, polarity, and cellulose accumulation [33] . In addition, two proteins found to accumulate more in cd2 than in M82, Solyc10g008140 (prohibitin 1-like protein) and Solyc02g089070 (eukaryotic translation initiation factor 3 subunit M) are homologs of proteins that have been shown to have a role in plant development [34, 35] . Based on the proteomic data, CD2 also appears to regulate the accumulation of some enzymes required for anthocyanin biosynthesis (Solyc09g059170.1.1 and Solyc11g013110.1.1). This hypothesis is supported by the fact that an allelic mutant of cd2 fails to accumulate anthocyanin in its stem [3] and the mutant of the closest homolog of CD2 in Arabidopsis thaliana also has an anthocyanin phenotype [36] .
Anthocyanins are often accumulated in response to stress and accordingly, multiple proteins associated with biotic and abiotic stresses were also identified in this study as being differentially expressed. We note that the cuticle provides the interface between the plant and its environment and as such, is often the first plant structure that encounters environmental stresses. An impaired cuticle is sensed by the cell and stress responses are triggered [37] and the large number of differentially expressed proteins that play a role in stress responses may indicate that the thin cuticle of the cd2 fruit triggers stress-related signaling pathways. In short, many biological pathways that are affected by CD2 mutation appear to be functionally connected. In support to this observation is the large number of putative protein-protein interactions identified that connects many of the aforementioned pathways. Taken together, these data indicate that the role of CD2 in fruit biology extends far beyond regulating cutin formation.
In conclusion, our large-scale, label-free identification of proteins involved in tomato cuticle formation/regulation using a WiSIM-DIA approach, has provided new insights into the function of the transcription factor CD2. We identified 67 proteins whose expression levels differed by 1.5-fold or more between cd2 and M82, ~80% of which were less abundant in cd2 pericarp. The proposed role of CD2 as a regulator of cuticle formation was supported by the data as a key protein associated with cuticle biosynthesis, namely CUS1, was differentially expressed between cd2 and M82. These findings corroborate previously obtained RNA-Seq data (unpublished), as the expression of genes involved in the same processes was altered by the CD2 mutation. However, only five genes were common to the parallel proteomic and transcriptomic analyses, demonstrating the value of such a combined approach. Meanwhile, after statistical assessment and cross-method verification for the results generated by the DIA, we demonstrate that the WiSIM-based DIA method is an effective quantitative approach for large-scale characterization of complex protein samples.
Significance of the study
In this study, we used a WiSIM-DIA approach to identify and quantify tomato fruit proteins whose expression levels were significantly different between the cd2 mutant and the M82 WT. Of the 67 proteins that were differentially expressed in the fruit pericarp, 53 were less abundant in cd2. The protein identities suggested that the CD2 transcription factor is not only a regulator of tomato fruit cuticle formation, but also of pathways associated with cell wall biology, anthocyanin biosynthesis, fruit development, and responses to stress. As far as we are aware, this report represents the first published analysis of the WiSIM-DIA proteome analytical platform, which was introduced in 2014. Here, we assess the outcome of the WiSIM-DIA approach through cross-validation with MRM analysis of ten biologically important proteins that were differentially expressed in response to the CD2 mutation. Our data demonstrate that large-scale untargeted protein quantification using WiSIM-DIA on an Orbitrap Fusion mass spectrometer can provide an effective means of characterizing complex protein samples. Experimental design and schematic diagram of the workflow for quantitative proteomics of the cd2 mutant and its WT using WiSIM-DIA method. Pericarp proteins of 15 dpa tomato fruits, from cd2 and its WT cultivar M82, were prepared in triplicate from pools of eight tomatoes. Tryptic digests of the cd2 and M82 samples were initially analyzed by DDA for generating a spectral library, and followed by acquisition using WiSIM-DIA approach for six individual samples. After data extraction by Skyline and statistical analysis, the confidently quantified proteins among six samples with significant changes between cd2 and M82 were obtained for functional analysis and verification was done by MRM and Western blot. The fruit pictures represent 15 dpa fruits. Scale bar, 1 cm. Light microscopy imaging of the peel of mature green tomato fruits shows the cuticle phenotype of cd2. The cuticle is stained red with Oil red O. Cut, cuticle; scale bars, 20 μm. Statistical analysis of the 67 differentially expressed tomato fruit proteins induced by the CD2 mutation. A volcano plot was produced for the 577 quantitative proteins with at least two quantified unique peptides (A). Red dots represent proteins with cd2/M82 >1.5 and pvalue <0.1, while blue dots are for proteins with cd2/M82 <0.66 and p-value <0.1. Heat map analysis was conducted for the 67 differentially expressed proteins among three biological replicates between M82 and cd2 (B). The ratios of peak areas over the average of the WT peak areas, for each of the proteins in each of the six samples were used for generating the heat map using MeV program. Relative quantitation of representative differentially expressed proteins between cd2 and M82 by MRM analysis, and Western blot result for the protein CUS1 in M82 and cd2 (A). Figure 3B shows the comparison of cd2/M82 ratios of ten differentially expressed proteins quantified by DIA and MRM methods. The MRM data were obtained by summing the nine peak areas, generated from three biological replicates, for each protein containing three tryptic peptides, each with three transition ion pairs (Supporting Information Table 2B ). A model illustrating the putative role of CD2 based on previous publications plus the information gained in this work. The proteins with an SGN accession number colored in blue and red are less and more expressed in the mutant compared to its WT, respectively, while bold letters mean that the protein abundance was tested by MRM. The coloring of the "Symbol" column corresponds to the coloring of the protein-protein interaction networks of Supporting Information Fig. 6 .
